ioengineered tissues, like native tissues, are inherently multiscale and derive their macroscopic mechanical properties from the complex interaction among their underlying microstructural components. These components form the extracellular matrix (ECM) and are organized at multiple scales to provide both function to the tissue as a whole (centimeter scale) and to provide a supportive and functional environment for the constituent cells (micrometer scale). Mechanical interactions at the tissue scale are not only governed by the microstructure but are also communicated through the matrix to the cells. Such stimulation can lead to microstructural remodeling and adaptation of the tissue to the mechanical environment and has important implications for successful tissue engineering strategies [1] .
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To understand, predict, and engineer a tissue with appropriate mechanical properties, it is essential that we understand how the underlying structure determines the macroscopic behavior. Numerous approaches to the problem of predicting tissue-level behavior based on microscopic architecture have been considered, including empirical macroscopic models of collagen [2] and tissues [3] - [5] and fiber-composite models [6] - [10] . An important challenge in using any microstructure-based model is the specification of the model. Fortunately, advances in polarized light imaging [11] , [12] , small-angle light scattering [13] , [14] , and confocal microscopy [15] provide the opportunity to get structural information, either through a distribution of fiber orientations or statistical measures of fiber orientation. The potential thus exists to use orientation data in a detailed model. Such information has been incorporated previously into the structural constitutive models [16] , which have shown that the range in mechanical response and material constants is largely attributed to the variability in tissue microstructure [16] , [17] . Consequently, complex fiber rearrangements during mechanical testing must be quantitatively measured to ensure proper model formulation and prediction validation [16] .
Any model that considers fiber mechanics must account for fiber kinematics. The assumption that fibers deform affinely with the macroscopic deformation is common but is not accurate for a fiber network [18] , [19] . Previous work in our group has used a network-of-springs model described later and in more detail elsewhere [20] - [22] , which captures the structure and the network behavior well for a single-constituent material (e.g., collagen).
In this study, we compared experimentally measured fiber network kinematics and the macroscopic mechanical response from cell-compacted, cross-shaped collagen gels (cruciforms) [23] , with the predictions from our multiscale modeling technique [22] . The macroscopic finite element model matched the physical dimensions and boundary conditions of the experimental cruciform to be modeled. Different microscale network models were constructed for each finite element that matched fiber microstructure described by maps of the local direction and strength of alignment obtained from polarimetric alignment imaging. The outputs of the multiscale model included the macroscopic load-deformation response and the microscopic (fiber) kinematics.
Methods

Sample Preparation
Collagen gels were reconstituted from acid-extracted bovine patellar tendon collagen. The collagen solution was neutralized with 3% (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 12.2% 0.1 N NaOH, 10% 103 minimum essential medium (MEM), 6% fetal bovine serum (FBS), 0.1% penicillin/ streptomycin (P/S), 0.1% fungizone, and 1% L-glutamine. Gels were made to an initial collagen concentration of 1.5 mg/mL and a cell concentration of 0:5 3 10 6 cells per milliliter (neonatal human dermal fibroblasts). Gels were cast into cross-shaped Teflon molds (cruciforms) that differed in arm width aspect ratio ( Figure 1 ). The horizontal arm width was 8.0 mm, and the vertical arm width was 4.0 mm. Velcro strips at the end of each arm allowed collagen attachment to the mold. Collagen cruciforms were cured for 1 h in a humidified 95%/5% air/CO 2 incubator maintained at 37°C, before the culture medium was added. Culture medium consisted of high-glucose Dulbecco's modified eagle's medium (DMEM) supplemented with 10% FBS, 1% antibiotic/antimycotic, 2:5 lg=mL amphotericin B, 2 lg=mL insulin, 50 lg=mL ascorbic acid, and 1 ng/mL transforming growth factor beta TGF-b ð Þ. The medium was replaced every three days. The gels were cultured for four weeks before mechanical testing to allow compaction, which stiffens and aligns the gel in a manner dependent on the cruciform mold geometry and reduces the gel volume by approximately 95% [23] . Details on the change in geometry that arises from the celldriven compaction in the cruciform can also be found in [23] .
Polarimetric Fiber Alignment Imaging
Polarimetric fiber alignment imaging (PFAI) allows real-time measurement of the local direction and strength of fiber alignment in native tissues and in collagen-and fibrin-based bioartificial tissues during mechanical testing [23] - [25] . PFAI relies on the direction-dependent refractive index or birefringence of collagen fibers. When polarized light is transmitted through a sample, its amplitude and phase changes in response to the sample composition. Elliptically polarized light passing through the sample and analyzed with a linear polarizer at successive angles produces a sinusoidal oscillation in intensity of the transmitted light. The pixel-wise change in amplitude and phase indicates the local strength and the direction of fiber alignment, respectively. In the ideal case, a location in which the fiber orientation is isotropic has no change in intensity and, thus, zero retardation (i.e., d ¼ 0). As fiber alignment increases within a sample, so does d. However, retardation is dependent on a variety of factors, including fiber density and sample thickness, and, as such, is only capable of providing a relative measure of fiber alignment strength. PFAI measurements were made using an optic train consisting of a fiber optic source, a linear polarizer, a quarter wave plate, the sample, a rotating linear polarizing sheet, a rotating stepper motor, a zoom lens, and a charged coupled device (CCD) camera. The sample was mounted on an Instron planar biaxial testing unit. During mechanical testing, intensity images were generated that corresponded to the pixelwise birefringence of the sample. With the assumption that collagen fibers act as strong linear retarders, harmonic analysis of the images gives the average angle of the fiber orientation (h) and retardation (d) at each pixel [12] , [24] .
Biaxial Testing
Mechanical testing was conducted with an Instron planar biaxial testing unit in a manner similar to that described in [23] . Cruciforms were removed from the molds and tested at 25°C in a phosphate buffered saline (PBS) bath. Each arm was held in place with adjustable compression grips attached to a 5-N load cell and positioned in line with the PFAI system. Mechanical characterization of the gels included strip-biaxial extension, also known as an off-axis hold test. The wider arms, which were oriented along the horizontal axis, remained stationary, whereas the narrower arms were displaced along the vertical axis at a rate of 8 mm/min and to a final stretch ratio of 1.35. Before the test, Verhoeff's stain was applied at discrete points on the cruciform surface to measure local displacements for comparison with model simulations.
Multiscale Model
The multiscale modeling technique employed here is based on volume averaging theory and has been applied previously to hydrated collagen gels, vascular tissues, and synthetic fibrous biomaterials [22] , [26] , [27] . In this model, the Galerkin finite element method is used for the macroscopic (tissue-level) problem, but instead of a constitutive equation to relate the deformation to the stress, a microscopic network problem is solved at the points where the stress is needed to get the finite element solution. The collagen is modeled by a three-dimensional (3-D) fiber network contained within a representative volume element (RVE). The RVEs are centered at the integration points of the finite element model, and their boundary displacements are determined by the macroscopic deformation field through the finite element basis functions. Deformation of the RVE boundaries is translated through fiber cross-links at the boundaries into forces in the network. Therefore, a force balance among the fibers determines the equilibrium network forces. To calculate the macroscopic stress, volume averaging theory is used, according to which the macroscopic stress tensor is given as the volume average of the local network stresses, which are expressible in terms of the fiber forces. Finally, the averaged stress balance at the macroscale is solved to determine the macroscopic displacement field, and the procedure iterates until convergence. Thus, by solving a set of microstructural problems simultaneously, the tissue-level behavior can be related directly to the fiber mechanics and the network structure.
Macroscopic (Finite Element) Mesh
Because of the symmetry of the experiment, only one quadrant of the cruciform was modeled. First, a finite element mesh was created to match the macroscopic geometry. An image of the preloaded cruciform was imported into Solidworks, where one quadrant was traced and extruded to match the shape and thickness of the sample, respectively. The resulting solid representation was exported as a parasolid model and imported into the preprocessor GAMBIT, where it was meshed into 89 hexahedral finite elements with one element through the thickness.
Microscopic Collagen Networks
In previous studies, we have generated a small number of collagen networks that were used throughout the macroscopic domain. This work represents a departure in that we created a unique network for each element based on the initial geometry of the cruciform. To accomplish this task, a mask was created that corresponded to the area above which each finite element overlapped the cruciform in the PFAI intensity image. The mask was then used to determine the average angle and average retardation associated with each element, which was then used to create a representative network for each element. Fiber network orientation (projected in the XY plane) can be described with a length-weighted, second-rank orientation tensor, X,
where l i is the length of fiber i, h i is the angle fiber i makes with respect to the horizontal, and the sum is over all the fibers in the network. The eigenvalues and eigenvectors of X correspond to the magnitudes and principal directions of fiber orientation, respectively, and the trace of X must be equal to one. The average angle from the PFAI is easily converted to a principal direction, but the relationship between the retardation and strength of alignment is unclear. In the ideal limit, retardation is proportional to the ratio of the orientation anisotropy [21] . The proportionality is dependent on the concentration, composition, and other factors, which are assumed to be homogeneous throughout the sample, so that
where C is the lumped constant of proportionality, d Ã is the scaled retardation (0 d Ã 1), x 1 and x 2 are the eigenvalues of X, and x 1 x 2 . Under this convention, an isotropic network has a d Ã value of zero, and a completely aligned network has a d Ã value of unity. The raw retardation was scaled by C = 242°to produce an initial set of slightly aligned networks with an average d Ã ¼ 0:26 AE 0:06. The data from PFAI represent values projected from a 3-D microstructure, and the networks are created so that their projections match. Histology and scanning electron images of comparable cruciforms have shown that the collagen fibers are predominantly oriented in the plane after gel compaction. The model networks were therefore generated with predominantly planar alignment, with eigenvalues associated with the z-direction set approximately to 0.1.
Fiber networks were generated by a custom MATLAB routine that allowed specification of fiber number, eigenvalues of the orientation tensor, and preferred direction [18] , [22] , [28] . Briefly, a number of seed points were generated randomly. Each seed point possessed its own randomly generated direction vector, whose components were scaled by the PFAI eigenvalues and x 3 ffi 0:1. A seed point was selected randomly and grown a unit length along its direction vector. If fiber growth extended beyond the boundaries of a predefined volume, growth was terminated, and the fiber was repositioned to the boundary. If fiber growth resulted in contact with another fiber, the fibers were joined, and a cross-link was formed. This process continued until all fibers either met a boundary or formed a cross-link. After the network had been formed, a smaller network was extracted from a box that bounded the central region of the larger network (cf. [29] ). Fibers were defined as the segment between two nodes, where a node was a point of fiber termination either at a cross-link or at a boundary. The nodes were modeled as pin joints that were free to rotate but unable to slip.
To assess how well the network matches the PFAI data, the unit eigenvectors of X were compared to the PFAI eigenvectors. The network was considered aligned with the PFAI measurement if the magnitude of the dot product of the major eigenvectors exceeded 0.99. Otherwise, the difference in angle was used to rotate the larger network, and a new network from the inner box was extracted and compared. All networks created contained between 300 and 350 fibers.
Model Formulation
The multiscale model uses three equations: an equation to describe the mechanical behavior of the individual fiber, an equation for deriving the macroscopic stress from the network forces, and an equation for the macroscopic stress balance. Collagen fibers are strong in tension but weak in compression. Forces from bending or fiber-fiber interactions were considered negligible compared with those generated by fiber stretch. The phenomenological constitutive equation proposed by Billiar and Sacks [30] and recast in terms of the force, F, on a fiber is given as
where E f and B are constitutive constants, A f is the cross-sectional area of the collagen fiber, and e f is the Green's strain of the fiber and is calculated as e f ¼ 0:5(k The macroscopic averaged Cauchy stress tensor, S ij , is calculated from the microscopic stress tensor, s ij , through the theory of volume averaging [31] , [32] 
where V is the volume of a RVE containing a model network. By writing s ij ¼ s kj d ik and recognizing that rx ¼ x i;j ¼ d ij , where x is the direction vector, (4) can be rewritten as
For microscopic equilibrium, s kj, k ¼ 0, and the divergence theorem gives
where t j is the traction on the RVE boundaries, and the integral is over the RVE surface. The discretized form of (6) [33] ,
gives the components of S ij in terms of the positions x and the forces F acting on those nodes. Finally, the expression for the macroscopic stress balance [21] is given as
where u is RVE boundary displacement and n is the unit normal vector. The right-hand side (RHS) of (8) arises from the correlation between inhomogeneous displacement of the RVE boundary and local inhomogeneities in the stress field. In the case of a fixed RVE, the RHS would be zero.
Model Implementation
The finite element domain consisted of 89 elements (Figure 1 ), each containing eight Gauss points. The two surfaces attached to grips were fixed, and a symmetry boundary condition was applied to the two symmetry planes. The other surfaces of the finite element domain were stress-free. The cruciform was displaced uniaxially to 2 mm in ten equal steps. At the end of each step, the nodal coordinates for each element and the network configurations were outputted to text files for analysis. Even though the macroscopic problem involves fewer than 700 degrees of freedom, the computational demands for the solution of the microscopic problem were considerable. The model consisted of 712 RVEs-the number of finite elements times the number of Gauss points per element-and each RVE involved approximately a thousand degrees of freedom-the number of nodes, two of which define a fiber, multiplied by three degrees of freedom. Therefore, more than 700,000 degrees of freedom were involved in the total problem. To address the computational demands, the microscopic problem was parallelized using the message passing interface (MPI) technique as described elsewhere [22] . For the simulations presented here, up to 30 processors were used, and the wall time did not exceed 25 min.
Comparison of Model and Networks
The goal of our multiscale model is to capture both the macroscopic and the microscopic behavior. Macroscopic behavior was examined by measuring the force on both grips during the strip-biaxial test and by tracking the edge of the sample and fiduciary points. Microscopic behavior was examined by comparing the PFAI results to the model-predicted fiber kinematics, averaging over each finite element. To facilitate comparison, two quantities are introduced. Dh is the difference between the average fiber alignment direction measured by the PFAI and the average orientation of the fibers predicted by the model. Similarly, Dd Ã is the difference between the scaled retardation measured by PFAI and the predicted anisotropy, that is, the difference in the projected network's eigenvalues. Consequently, d
Ã is taken as a measure of network anisotropy and is referred to as such throughout the remainder of this article.
Results
Macroscopic Response
The macroscopic mechanical response of the cruciform under strip-biaxial loading was typical of soft tissues-a long, extensible toe region followed by an exponential and then linear increase in force (Figure 2 ). The vertical axis (Axis 1) reached a peak load of 0.41 N at a grip displacement of 2.0 mm, which corresponded to a stretch ratio k ¼ 1:35. The horizontal axis (Axis 2), which remained stationary during the test, developed a maximum load of 0.05 N. The parameters used in (3) for the model to fit the data were A ¼ E f A f ¼ 2:64 3 10 À6 N and B ¼ 4. Assuming an average fiber diameter of 90 nm gives E f ¼ 415 MPa. The model produced a similar response to the experiment but underpredicted the nonlinearity in both directions.
The boundary displacements were matched at the grip to specify the problem. During deformation, the finite element domain stretched to satisfy the boundary conditions, leaving the curved surface of the cruciform free to deform because of network restructuring occurring in each element. As the cruciform stretched, the free surface contracted inward. The free surface of the model matched this behavior through a displacement of 1.4 mm (k ¼ 1:2). At larger stretches, the finite element domain did not contract inward as much as the experiment. Regional differences in displacement were assessed by tracking fiduciary markers on the surface of the cruciform ( Figure  3 ). Displacements were greater along the vertical axis than along the horizontal axis. The displacement of equivalent points in the model was underpredicted in the x direction and overpredicted in the y direction. The greatest difference between the predicted and measured displacement, Dd ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi Dx 2 þ Dy 2 p , occurred at full extension for Marker 3, Dd ¼ 0:44 mm, and Marker 5, Dd ¼ 0:49 mm.
Microscopic Response
Typical model results showing fiber restructuring within RVEs are given in Figure 4 . The RVEs were initially cubic in shape, representing an 8-lm cube around the integration points. As the sample was stretched, networks in different regions were affected differently. Near the horizontal grips (Element A in Figure 4) , the model predicted relatively little deformation, with the RVE domain remaining roughly square when projected to a two-dimensional (2-D) view. Near the center of the sample (Element B), in contrast, the nearly uniaxial stretching led to the vertical elongation of the RVE and vertical alignment of the fibers in the network. Along the sample-free boundary (Element C), the stretch along a line roughly 45°from the horizontal is equivalent to simple shear, leading to a parallelogram shape for the deformed RVE.
Before loading, the RVE networks were created to match the cruciform's microstructure (hDhi ¼ 2:7 AE 2:2 , hDd Ã i ¼ 0:05 AE 0:04). Because of the mechanical constraints imposed on the gel during the compaction process, the fibers aligned with the cruciform's arms and parallel to the free surface of the cruciform's body ( Figure 5 ). Alignment strength decreased toward the interior of the cruciform. Alignment in the central region favored the horizontal direction because of more cells exerting traction in the wider cruciform arm.
During loading, a complex rearrangement of the cruciform's microstructure occurred. The microstructure rotated and stretched toward the vertical direction. For the most part, the model kinematics matched those of the cruciform. The largest discrepancy in alignment direction occurred at d = 2.0 mm (hDhi ¼ 7:6 AE 6:5 ). A few regions did develop high values of Dh ( Figure 5 ), but these regions were also areas where the microstructural anisotropy was relatively low ( Figure 6) ; hence, h was not well defined. For example, the maximum value of Dh (Dh ¼ 83:5 ) occurred at a grip displacement d = 1.60 mm, where the anisotropy for the experiment and network were d Ã = 0.05 and 0.02, respectively. As the cruciform was stretched vertically, the isotropic region in the center of the cruciform expanded outward ( Figure  6 ). This behavior occurred because the microstructure, which was initially aligned in the horizontal direction, passed through a point of isotropy on its way toward developing vertical alignment. Once the microstructure was recruited in the vertical direction, the anisotropy increased, and the region of isotropy propagated along Axis 2 toward the horizontal grip. The model captured this behavior well. The model also predicted that vertical alignment in the vertical arm of the cruciform would increase with stretch, but the experiments indicated that a growing region of isotropy developed in the interior of the vertical arm near the grip. Consequently, at later grip displacements, the largest differences in model predictions occur along the cruciform's free surface and in the vertical arm.
Discussion
Although continuum-level models [3] , [4] , [8] - [10] are important for understanding the interactions between the cells and the surrounding matrix, they cannot account for the specific contributions of the underlying fiber network to the macroscopic behavior. There has been considerable work on structural models [6] , [22] , [34] , but specification and testing of such models are a significant challenge. In this work, a model for an anisotropic, inhomogeneous fibroblast-populated collagen gel was constructed and specified based on PFAI. The model was then used to simulate a strip-biaxial test, and the model and the experimental results were compared by three different metrics. ä Macroscopic force-stretch relations: The model showed significantly less ''toeing'' than the experiment, with overprediction of the force on both grips at low strain. The poor performance of the model at low strains may be due to an inaccuracy in (3), which does not account explicitly for crimping [30] or the ''lock-out'' effect [35] , which produces nonlinear microscopic-scale behavior that is sharper than can be captured by (3) . That the problem is at the fiber level rather than the network or macroscopic level is supported by the observation that the model correctly predicted the anisotropy in the material response and underpredicted the curvature of both force traces in Figure 2 . ä Macroscopic-scale kinematics: The shape of the free edge of the cruciform was monitored, as were displacements of fiduciary points drawn on the sample. The model was in good agreement with the experiment with respect to the free-edge kinematics (Figure 3 ), easily outperforming an isotropic model (not shown), but it showed less good agreement for internal point displacements, with errors of up to 0.49 mm for a 2-mm grip displacement. In particular, for points near the moving grip (bottom right of images in Figure 3) , the model overpredicted the displacement, suggesting that the model overpredicts the stiffness of the highly aligned arm regions relative to the more isotropic belly region. This difference could be due to the model assumption of free rotation at fiber cross-links, which is a lower bound on the effect of the cross-links. A more detailed microstructure and cross-link model could provide a better picture. ä Collagen fiber kinematics: The model showed an excellent agreement with the experiment on both the degree and direction of alignment for most of the sample, correctly matching the leftward shift in the isotropic region near the belly of the sample ( Figure 6 ). A notable exception was the failure of the model to predict a decrease in fiber alignment observed near the lower grip. Whether this failure is related to the overprediction of macroscopic kinematics is not clear. On the basis of these three metrics, we conclude that within the scope of this study, the PFAI-based microstructural model performed acceptably, capturing the anisotropy and inhomogeneity of the tissue as well. There are, however, a number of issues that could be addressed in future studies and merit further discussion here.
PFAI provides a quantitative measure of alignment, and the principal direction of alignment is easily obtained from the extinction angle, but the degree of alignment is more difficult to relate to the microstructural organization because of differences in the sample thickness, concentration, composition, and other factors affecting sample optical properties, such as confounding form birefringence effects [36] . In this work, to relate retardation to network anisotropy, we assumed that the retardation was proportional to the difference between the eigenvalues of the orientation tensor (cf. [21] , [36] ). The proportionality constant accounts for the issues previously stated that were not directly quantified in this study but requires an assumption that the cruciform is homogeneous with respect to these effects. Consequently, d
Ã should only be interpreted as a relative measure of alignment strength within a given sample. In reality, the collagen density is likely heterogeneous because of different levels of compaction, particularly at the boundaries where less compaction has been seen compared to the interior in other collagen gel geometries [37] . Additional work will be required to accommodate material heterogeneity, such as density and thickness, in the measurement. Further, because the PFAI provides only 2-D information, an assumption about the third dimension was required. Scanning electron micrographs taken on vertical sections of fibrin-based cruciforms show that the cruciform microstructure is mostly planar, which is expected when cruciforms are constrained in the plane but permitted to compact through their thickness. As a result, we estimated that X 33 ¼ 0:1 for all networks in the model. This simplification, although convenient and not unreasonable, clearly requires further study. Thus, although the PFAI-based model was successful and the advantages of PFAI are many, care must be taken to recognize that the generation of the PFAI-based model is limited by the accuracy of the initial microstructure prescribed by PFAI. Our kinematic comparisons were based on marker tracking for dots drawn on the sample with Verhoeff's stain. The calculated motion is thus sensitive to spreading of the stain over time, image noise, shading, and any other factors that affect calculation of the centroid of the marker or the validity of the centroid as a material point. Only a few markers were used because their presence interferes with PFAI measurements. Marker area was not excluded from the calculation of average angle and retardation, and, as a result, the anisotropy for some elements may be underpredicted. The network anisotropy measured for finite elements along the free surface was also underestimated at later displacements where agreement between the experiment and the model began to deviate and some of the background entered into the measurement.
An additional concern with the current study is the handling of the sample. The sample was cut free from its mold and contracted rapidly because of residual stress from the cells within. The sample was positioned in the grips and then stretched along both axes until a small load (~0.03 N) registered on each load cell. This retraction and stretching could have caused artifacts in the fibers, such as crimping or bending of fibers, not accounted for in the constitutive equation (3) that could contribute to the imperfect match between the model and experiment, especially in light of the large toe region. Under the current testing methodology, gripping the sample and returning it to its configuration in the mold is challenging. Efforts are underway to redesign the mold so that the samples can be tested directly without the need for excision.
Conclusions
Successful implementation of a multiscale model will provide a basis for rational design of engineered tissues and augment 
